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ABSTRACT

NASA’s Jet Propulsion Laboratory has developed a re-
configurable polarimetric L-band synthetic aperture radar
(SAR), specifically designed to acquire airborne repeat
track interferometric (RTI) SAR data for application to
monitoring surface deformation and vegetation structure
measurements. The system employs a precision autopilot
developed by NASA Dryden that allows the plane to fly
precise trajectories usually within a 5 m tube. Also re-
quired for robust repeat pass applications is the ability to
point the antenna in the same direction on repeat passes
to a fraction of an azimuth beamwidth (8◦ for UAVSAR).
This precise pointing is achieved using an electronically
scanned antenna whose pointing is based on inertial navi-
gation unit (INU) attitude angle data. The radar design is
fully polarimetric with an 80 MHz bandwidth (2 m range
resolution) and has a greater than 20 km range swath
when flying at its nominal altitude of 12500 m. The abil-
ity to electronically steer the beam on a pulse-to-pulse
basis has allowed a new mode of SAR data acquisition
whereby the radar beam is steered to different squint an-
gles on successive pulses thereby simultaneously gener-
ating images at multiple squint angles. This mode offers
the possibility of generating vector deformation measure-
ments with a single pair of repeat passes and to obtain
greater kz diversity for vegetation studies with a reduced
number of passes. This paper will present an overview of
the mode, discuss its potential for deformation and vege-
tation, and show some examples using UAVSAR data.
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1. INTRODUCTION

Repeat pass radar interferometry has become one of the
key tools for mapping surface deformation either from
natural or anthropogenic causes. By collecting data at
times spanning a signal of interest, deformation along
the radar line-of-sight can be measured with millimeter
precision [3]. Since surface deformation is three dimen-
sional, multiple vantage observations are required in or-
der to fully solve for the deformation vector. In general

Figure 1. Modified NASA Gulfstream III in early flight
tests with the UAVSAR pod attached to the underside of
the aircraft. Photo courtesy of NASA Dryden Flight Re-
search Center.

this requires a minimum of three interferometric pairs
with suitable viewing geometries to obtain a solution.
Thus, obtaining full vector deformation measurements
puts considerable resource constraints on a radar observ-
ing system to make such measurements and any tech-
nique that would reduce the required number of repeat
passes could prove beneficial.

The two largest sources of error in radar interferomet-
ric deformation measurements from a well designed sys-
tem are the phase noise resulting from temporal decor-
relation and the atmospheric phase noise due mainly to
tropospheric water vapor changes between observations.
Current strategies for mitigating tropospheric distortions
to the phase can be roughly grouped into three categories.
The first strategy basically assumes the atmospheric noise
is random between interferometric pairs and reduces the
noise by the square root of the number of interferomet-
ric observations. Since collecting enough pairs for this
to be viable for reducing typical levels of atmospheric
noise can take months while the surface is still deforming,
strategies such a permanent scatterer techniques are used
to separate out the signal from atmospheric noise. A sec-
ond class of techniques uses estimates of the amount of
tropospheric water vapor based on ancillary sensor data
such as that provided by MODIS or GPS. These tech-
niques have proved useful when data is available but usu-
ally have resolutions much less than radar systems mak-



ing the deformation measurements. Finally, numerical
weather models are being applied to estimate the tro-
pospheric signature. None of the aforementioned tech-
niques makes a direct measurement of the atmospheric
noise coincident with the radar observations.

To overcome both the problem of obtaining vector defor-
mation measurements on the same pass while simultane-
ously estimating the atmospheric noise, multi-squint ob-
servations were proposed in [1]. In this paper we exam-
ine via simulation and real data the efficacy of the multi-
squint mode for obtaining vector deformation estimates
along with an estimate of the atmospheric phase using
UAVSAR’s multi-squint mode.

2. UAVSAR OVERVIEW

UAVSAR is a NASA/JPL L-band fully polarimetric syn-
thetic aperture radar employing an electronically scanned
array whose primary design goal was to enable robust re-
peat pass radar interferometric measurements of deform-
ing surfaces either from natural or anthropogenic causes.
The radar is housed in a pod mounted to the fuselage of
a Gulfstream III jet as shown in Figure 1. Nominally,
the aircraft flies at an altitude of 12.5 km and maps a
22 km swath with incidence angles ranging from 25◦ to
60◦. The 80 MHz range bandwdith results in single look
complex imagery (SLC) with range and azimuth resolu-
tions of 1.66 m and 1 m respectively. Electronic steering
of the antenna is tied to the inertial navigation unit so that
consistent pointing is achieved regardless of the platform
yaw. The platform was modified to include a precision
autopilot (PPA) that allows the aircraft to fly a specified
trajectory within a 5 m tube [2]. Radar signal history and
ancillary navigation data are recored to a 1.8 TB RAID
array and transferred to high density discs for transport
to JPL. Processing of the data is done at JPL and then
archived at the Alaska Satellite Facility (ASF) where in-
vestigators can retrieve image products.

UAVSAR has an electronically scanned antenna that can
be steered on every pulse in increments of approximately
0.25◦. By steering the beam on successive pulses to three
steering angles located fore, broadside and aft of the air-
craft trajectory as shown in Figure 2 it is possible to col-
lect time-multiplxed imagery with three squint angles on
a single pass. As with polarimetry, the PRF must be in-
creased by a factor of three to avoid spectral aliasing.
Since the UAVSAR antenna can be steered to about 25◦
without loss in polarimetric performance is it possible to
collect fully polarimetric data (PRF must be increased by
a factor of 6 in this case) with an azimuth angle spread
of up to 50◦. To date most of the multi-squint collections
have had azimuth angles between ±5◦ and ±20◦ relative
to zero-Doppler and have been collected at our calibra-
tion site located on the Rosamond Dry Lake Bed near the
NASA Dryden facility in California.

Figure 2. Figure showing the radar pulse timing for
UAVSAR’s experimental multi-squint mode.

3. VECTOR DEFORMATION

Line-of-sight measurements made from interferometric
phase measurements are the most sensitive way to mea-
sure surface deformation. To obtain full vector deforma-
tion measurements, multiple measurements from differ-
ent line-of-sights are combined to give the deformation
vector in the desired reference frame. The vector dis-
placement, �d, in terms of a specified set of basis vectors
êi, i = 1, 3 is given by

�d =
3∑

i=1

diêi =
3∑

i=1

〈�d, êi〉êi. (1)

Deformation measurements can also be made based on
image offsets between two SAR images. Offsets can be
a valuable source of surface deformation for places in the
interferogram that are too decorrelated to retrieve use-
ful deformation measurements, e.g., major surface dis-
ruption due to an earthquake, or to determine 3-D vector
displacements when sufficient multiple line-of-sight in-
terferometric measurements are not available. Displace-
ment accuracy in the line-of-sight and cross line-of-sight
are given by
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where Wρ and Ws are the window dimensions used for
image cross correlation and Δρ and Δs are the range and
azimuth resolutions respectively and γe is the effective
correlation after any spectral filtering.

Suppose we have N deformation observations, oj , j =
1, N , along lines-of-sight, �̂j , which using Equation 1 can
be written as

oj = 〈�d, �̂j〉 =
3∑

i=1

di〈�̂j , êi〉 (4)



and can be a combination of phase and offset measure-
ments. Hence, the sensitivity of the ith component of the
deformation, di, is

∂oj

∂di
= 〈�̂j , êi〉. (5)

Letting �o be the vector of observations, then from Equa-
tion 5 we have the matrix equation
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This is a classical least squares problem with solution

�d =
(
AtQ−1A

)−1
AtQ−1�o (7)

where Q is covariance matrix of the observations. As-
suming a diagonal matrix for the observation covariance
matrix with the jth observation having covariance, σj ,
then from Equation 7 the solution of Equation 6 is
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〈ê1, �̂j〉2
NP

j=1
1

σ2
j
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NP

j=1
1

σ2
j
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4. DEFORMATION AND THE UAVSAR MULTI-
SQUINT MODE

This section adapts the vector deformation model from
Section 3 to the multi-squint imaging geometry. Con-
sider a three beam multi-squint mode where the antenna
is steered to broadside and to azimuth angles ±θaz where
the azimuth angle is the angle between broadside and the
projection of the look vector into the ground plane as
shown in Figure 3. The look vector to a pixel is then
given by

�̂ =

[ sin θ� sin θaz

sin θ� cos θaz

− cos θ�

]
(8)

where θ� is the look angle. Using some simple right-
triangle trigonometry, the squinted look angle, θ�, can be
related to the look angle at broadside by

tan θ� =
tan θ�o

cos θaz
(9)

and from Equation 8 the cosine of the squint angle, the
angle between the broadside look vector and the squinted
look vector is

cos θsq = sin θ� sin θ�o
cos θaz + cos θ� cos θ�o

. (10)

From Figure 3 the squinted range and the range at broad-
side are simply related by

ρsq =
ρo

cos θsq
. (11)

We can write the aft pointing look vector, �̂−1, and the

forward pointing look vector, �̂1, in terms of the look vec-

tor at broadside, �̂o = ρ̂, and a unit vector in the along-
track direction, ŝ, by

�̂−1 = cos θsqρ̂ + sin θsq ŝ (12)

�̂0 = ρ̂ (13)

�̂1 = cos θsqρ̂ + sin θsq ŝ (14)

So consider repeat passes in the multi-squint mode with

surface deformation vector, �d, between passes. Then the
interferometric phase, φi, observed for each look direc-
tion, i = −1, 0, 1, is given by

φi=
4π

λ

[
−〈�b, �̂i〉 + 〈�d, �̂i〉 + Δρatmi

]
+ φni (15)

=
4π

λ

[
dρ cos θsq + ds sin θsq +

Δρ̃atm

cos θsq

]
+ φni

(16)

where −〈�b, �̂i〉 is the topographic phase term that is as-
sumed compensated for in passing from Equation 15 to
Equation 16, Δρ̃atm, is the atmospheric delay at broad-
side that is assumed related to squinted tropospheric de-
lay by the geometric distance scaling factor 1

cos θsq
[1]

and φni is thermal noise. Note, the atmosphere is as-
sumed constant between squint collections in this model.
Setting, ρ̂⊥ = ρ̂× ŝ, then the deformation vector in terms
of the basis ρ̂ŝρ̂⊥ can be expressed in components as

�d = [ dρ ds d⊥ ] . (17)

Since the component of the deformation in the direction
of ρ̂⊥ is perpendicular to the look vectors in the multi-
squint geometry, and therefore not measurable, we de-

fine a modified deformation vector, �D = (dρ, ds, datm),
where the last component of the displacement vector is
replaced by the equivalent displacement due to the differ-
ential atmosphere at broadside. Here we are effectively
assuming a frozen atmosphere model that is represented



Figure 3. Figure showing UAVSAR’s multi-squint imaging. The electronic beam is steered by ±θaz off broadside and
to broadside to obtain three images with different squint angles. The squint angle, the angle between the broadside
line-of-sight vector and squinted line-of-sight vectors can be computed as function of the look angles and azimuth angle.

by a phase screen at the target. Limitations of these as-
sumptions resulting from a mobile atmopshere and non-
zero vertical depth are discussed in [1].

Using Equation 16 the phase measurements can be ex-
pressed in terms of the modified deformation vector by
the matrix equation

�φ =
4π

λ
A�D (18)
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Assuming the covariance of the measurements is given
by
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where γ is the interferometric correlation and NL is the
number of looks, then from Equation 7 the solution to
Equation 18 is
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where di = λ
4π φi and with formal covariance matrix of

the solution vector given by
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Figure 4 shows the expected precision of the modified de-
formation vector using the diagonal terms of Equation 22.
The right plot in the figure shows the precision as a func-
tion of azimuth angle for a look angle of 45◦ assuming
an interferometric correlation of 0.92 and the number of
looks equal to 36. In the left plot the expected precision is
plotted as a function of look angle for an azimuth steering
angle of 15◦. Note how steeply the precision of the range
and atmosphere terms increases in the near range. This is
result of the decreased squint angle in the near range as
can be seen from Equation 10.

5. SIMULATION RESULTS

To test the efficacy of the formulation described in Sec-
tion 4 for estimating the components of the modified de-
formation vector, we simulated a subsidence bowl in the
presence of atmospheric distortion being imaged with the
UAVSAR multi-squint mode with an azimuth steering
angle of 15◦. The east, north, up, enu, components of



Figure 4. The left plot in the figure shows the expected precision of the modified deformation vector at a look angle of 45◦
as a function of azimuth angle. In the right plot is the expected precision of the modified deformation vector as a function
of look angle for a 15◦ azimuth angle. In both cases the correlation was set to 0.92 and the number of looks to 36.

Figure 5. Cross sections of the deformation in the simu-
lated subsidence bowl.

the subsidence bowl are given by

�d =
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⎢⎢⎢⎣
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where Lm is the maximal planimetric displacement
(5 cm), (eo, no) is the center if the subsidence bowl, rb

is the radius of the subsidence bowl (10 km), sf is a
steepness factor (2.3), rf is the radius of the flank of the
bowl (1.5 km), ut is the vertical subsidence at the edge
of the bowl (0 cm) and ub is the subsidence at the center
(-10 cm). Figure 5 shows a plot of the easting/northing
and up components of the deformation generated using
Equation 23. Thermal noise was simulated using an in-
terferometric correlation of 0.92 with 36 looks which cor-
responds to 9 mm of deformation noise. The atmosphere
was simulated using a power law PSD with an exponent

of − 8
3 and with an RMS noise level of 2 cm. For the

simulation we assumed the nominal UAVSAR platform
height of 12.5 km with a heading of 45◦. Simulated data
is generated for look angles ranging from 25◦ to 60◦.

Results of the inversion are shown in Figure 6. The
top row of the figure shows the true range and along-
track components of the deformation vector and the sim-
ulated phase distortion. In the bottom row are the esti-
mated components of the modified deformation vector.
As expected from the sensitivity plots in Section 4 the
range and atmosphere components get much noisier in
the near range whereas the along-track component has
much less noise. The noise levels matched those pre-
dicted by Equation 22 extremely well. Note the mixing of
the atmospheric distortion between the range and atmo-
sphere components. Low-pass filtering the range compo-
nent eliminates much of the atmospheric term and pro-
vides a good estimate of the range component of the de-
formation. A simple low-pass filter does not help in ob-
taining a better estimate of the atmosphere term and better
methods for extracting this term are being investigated.

6. ROSAMOND LAKE BED TEST CASE

Three passes of UAVSAR multi-squint data were col-
lected on July 20, 2010 over the Rosamond Dry Lake Bed
where an array of corner reflectors is deployed for cali-
bration purposes. Each pass was collected on a heading
of 350◦ at the nominal flying altitude of 12500 m. The
antenna was steered to azimuth angles of ±15◦ and 0◦.
The repeat times between passes 1 and 2 was 26.2 min,
between passes 2 and 3 was 33.3 min and between passes
1 and 3 was 51.9 min.The short temporal baseline and ge-
ologic stability of the site precludes any deformation sig-
nature, however the time interval between repeat passes
is sufficient for the tropospheric water vapor to have
changed resulting in atmospheric distortions to the phase.



Figure 6. The top row of this figure shows the simulated deformation components in the range and along-track directions
and simulated atmospheric distortion. In the bottom row are the estimated range, along-track atmospheric distortion
components of the modified deformation vector. Note, the increased noise in the range and atmosphere components in the
near range as was indicated in Section 4. The noise level in each component matched those predicted by Equation 22.
Color contours are wrapped at 15 cm.

Figure 7. Correlation maps for the three squint angles
for passes 1 and 2. Note the mean correlation increases
with decreasing azimuth angle. Correlation maps for the
other pairs were similar.

Figure 7 shows the correlation maps for passes 1 and 2 for
the three squint angles. Note near range is on the right
side of the image strip. Similar results were obtained for
the other pairs. Note the mean correlation in the urban
area at the bottom of the image increases with decreasing
azimuth angle which is attributed to the better alignment
of the road directions with the line-of-sight vector for the
aft steering angle that results in less shadowing.

Figure 8 shows the nine interferograms formed from the
three interferometric pairs and the three squint angles.
The RMS phase variation of 0.4 rad for the interfero-

grams formed from passes 1 and 2 that have the shortest
temporal baseline is about a factor of two smaller than the
other pairs. Differences in the atmospheric phase screen
between squint angles are readily apparent indicating at-
mospheric changes during the approximately 45 second
interval between the fore and aft acquisitions. Also, ob-
serve the similarity of the atmospheric phase screens for
pairs 2 and 3 and 1 and 3 indicating the state of the tropo-
spheric water vapor during the third pass dominates the
phase screen.

Inverting the multi-squint interferometric data for passes
1 and 2 gives the range, along-track and atmospheric de-
formation components shown in Figure 9. Observe that
the retrieved vector deformation layers are non-zero as
would be expected for this observing scenario. We sus-
pect that this a a combination of two factors. First, as can
be seen in the raw interferograms the atmospheric phase
screen is moving between the imaging times. Moreover,
the movement is not just a simple translation but exhibits
differences at intermediate spatial scales. This may be
the result of atmospheric mixing between image acqui-
sitions or the from the fact the vertical structure in the
distribution of water vapor in the troposphere results in
phase differences in the interferograms that do not match
the model in Equations 18 and 19.

7. CONCLUSIONS

Estimating vector deformation normally requires interfer-
ometric observations from multiple vantages and is ham-
pered by the presence of atmospheric noise. Using multi-



Figure 8. Interferograms for the three squint angles and three pair of passes collected on July 10, 2010 at Rosamond Dry
Lake Bed. The temporal baseline for the pairs varied from 26 to 52 minutes. The RMS phase variation was about a factor
of two less for the smallest temporal baseline pair. Color scale is wrapped at 2π radians.



Figure 9. The retrieved vector deformation and atmosphere layers from passes 1 and 2 with the 26 minute repeat interval.
We suspect that retrieved deformation being non-zero is a combination of a moving atmosphere and the non-zero vertical
depth of the tropospheric water vapor.

squint data collected on a single pass it is possible to
estimate two components of the deformation and the at-
mospheric distortion. In this paper we provided closed
form expressions for both the deformation vector and its
associated covariance matrix and verified these formulas
with a simulation of subsidence in the presence or atmo-
spheric distortion. We then applied this formulation to
real multi-squint data collected over Rosamond Lake Bed
in California. Results with real data showed in this case
the combination of dynamic motion of the atmosphere
between the multi-squint image acquisitions and the ver-
tical extent of the tropospheric water vapor resulted in re-
trievals in which the errors in the line-of-sight deforma-
tions were not significantly reduced. More multi-squint
acquisitions are needed to vet the efficacy of this mode
for atmospheric mitigation.
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